ABSTRACT: Little is known about embryonic development of oceanic squids, yet such information is critical to a meaningful understanding of these ecologically and economically important species. Eggs of the Humboldt squid Dosidicus gigas were artificially fertilized and incubated at temperatures found throughout this species' range (5 to 30°C). Successful development through hatching was observed only between 15 and 25°C, and the rate of development increased with increasing temperature. Previous work reported a D. gigas egg mass at the pycnocline in the Gulf of California, suggesting that successful embryonic development can occur only in those areas of the eastern Pacific where temperature at the pycnocline is between 15 and 25°C. Analysis of available oceanographic data revealed a vast area relatively close to the California coast that is seasonally suitable for development of D. gigas embryos. Spawning offshore in this region may thus be an important factor supporting the D. gigas populations that invaded coastal waters of the Pacific Northwest after 2005.
INTRODUCTION
Embryonic development of squids has been most thoroughly studied in nearshore loliginid species that lay eggs in shallow water or in the laboratory. Naef (1928) used Loligo vulgaris to generate the first set of developmental stages for cephalopod embryos. This early work guided later studies on L. pealeii, which resulted in the description of 30 distinct developmental stages (Arnold 1965 ) that were adopted for subsequent embryological research on other species of squid (Segawa et al. 1988 , Sakurai et al. 1996 .
Spawned eggs are much more difficult to obtain from oceanic species. Squids of the oceanic family Omma strephidae are particularly important to both pelagic ecosystems and commercial fisheries (Caddy & Rodhouse 1998) , but these species spawn in the relatively inaccessible open sea (O'Dor et al. 1982 ) so little is known of their spawning requirements or behavior (Clarke 1966) . This lack of information is notable for a group that comprises the largest invertebrate fisheries in the world. Since 2004, the ommastrephid Dosidicus gigas has been the largest squid fishery for all years but 2007 and has been ranked 12th inter nationally among all fished species in terms of landings (averaging > 750 000 t yr −1 , see ftp. fao. org/ fi/ stat/ summary/ a1e.pdf). Artificial fertilization has provided a valuable alternative to naturally spawned eggs for embryological study in the family Omma strephidae.
Artificial fertilization of squid eggs has been conducted for over a century (Watase 1891), but for many years, artificially fertilized eggs have arrested development before organogenesis due to the chorionic membrane's failure to expand to accommodate the developing embryo (Arnold 1974) . This problem was initially overcome by Klein & Jaffe (1984) , who successfully cultured artificially fertilized eggs of Loligo pealeii through hatching on a layer of agarose jelly. Arnold & O'Dor (1990) subsequently replaced agarose with a more natural material created from the freeze-dried accessory nidamental glands of L. pealeii and obtained chorion expansion in 4 oceanic squid species, one of which (Sthenoteuthis oualaniensis) produced viable hatchlings.
Attempts to identify an analogous natural material from an ommastrephid rather than a loliginid source revealed that only material from oviducal glands was effective in supporting chorion expansion (Sakurai & Ikeda 1994 , Ikeda & Shimazaki 1995 . The use of oviducal gland material led to successful development through hatching of artificially fertilized embryos of Todarodes pacificus (Sakurai & Ikeda 1994 , Watanabe et al. 1996 , Sthenoteuthis ouala ni ensis and Omma strephes bartramii (Sakurai et al. 1995) , and Dosidicus gigas (Yatsu et al. 1999) . Despite these successes, little subsequent work has been carried out on artificially fertilized eggs of ommastrephid species (Staaf et al. 2008) .
Embryonic development of Dosidicus gigas and its temperature dependence is of particular interest in the context of the recent northward range expansion of this large predator in the California Current system over the past decade (Zeidberg & Robison 2007) . Adults have been shown to consume a wide variety of fish, crustaceans, and molluscs , Field et al. 2007 ), some of which are of considerable ecological and commercial importance (Field et al. 2010) . Although adults of D. gigas appear to have become abundant in the California Current, whether they spawn in these relatively cold waters or migrate to warmer waters to spawn is unknown. Spawning areas for D. gigas have been reported in the Gulf of California (Gilly et al. 2006a , Camarillo-Coop et al. 2011 , the Pacific Ocean off the Baja California Peninsula (Camarillo-Coop et al. 2006) , Peru (Anderson & Rodhouse 2001) , and the Eastern Tropical Pacific, although a positive identification of species was not made in this case (Vecchione 1999) .
Thermal limits for successful embryonic development in Dosidicus gigas are unknown. Previous studies on temperature dependence of embryonic development in the ommastrephids Illex illecebrosus (O'Dor et al. 1982) and Todarodes pacificus (Sakurai et al. 1996) have yielded useful insights into environmental tolerance pertaining to spatial distribution and migration to suitable fishing and spawning grounds (Sakurai et al. 2000) . In the present study, this approach is extended to D. gigas in order to address the question of spawning in the cold California Current. Previous work (Staaf et al. 2008 ) is expanded with observations on unfertilized eggs, alterations of the artificial fertilization technique, and temperature treatments over an ecologically relevant range. The re sults of the present study identify a thermal window for successful development through hatching that may preclude successful natural spawning in most of the northern Cali fornia Current system. A putative seasonal spawning area is identified off the North American Pacific coast that may be relevant to range expansion of this species.
MATERIALS AND METHODS
Specimens of Dosidicus gigas were captured with jigs on hand lines or by rod and reel. They were immediately euthanized by decapitation and their mantles opened with a ventral cut. Collections were made in the northern hemisphere from 3 main areas: the California Current off the US Pacific Coast (CA, i.e. California and Oregon), the southern Gulf of California, Mexico (GOC), and the equatorial Eastern Tropical Pacific (ETP) ( 
Preparing oviducal gland powder
Oviducal glands were extracted from mature female Dosidicus gigas and frozen at −20°C for up to 1 yr. For lyophilization, frozen glands were cut with a razor blade, and small (ca. 1 cm 3 ) pieces were in serted into round-bottomed cryovials (Nunc, Roskil de) containing a stainless-steel ball bearing (Spheric-Trafalgar) of the type used to grind tissue for stable-isotope analysis (Smith et al. 1996) . Each open vial was covered with a folded Kimwipe EX-L (Kimberly-Clark) affixed with a rubber band around the neck of the vial. The vials were packed into a lyophilizer (Labconco) and freeze-dried for 72 h until completely dry.
After lyophilization, the Kimwipe was removed and the vials were capped and shaken individually with a Wig-L-Bug shaker (Crescent Dental Manufacturing) . The presence of the ball bearings within the vials caused the dried gland to be ground into a fine powder. These vials of oviducal gland power were kept frozen at −20°C until use.
Gamete collection
Reproductive maturity of Dosidicus gigas is identified by 6 stages: I, immature; II and III, maturing; IV and V, mature; VI, spent (Lipi?ski & Underhill 1995) . Ripe, orange-colored eggs are characteristic of both Stage IV and V females (Nigmatullin & Markaida 2008) , and eggs from both Stage IV and V females were used for artificial fertilization (Table 1) . Stage VI females were never seen or caught. Oviducts and the attached oviducal glands were manually removed without cutting, and the ripe eggs were harvested by either cutting the oviduct open with a clean razor blade or allowing the eggs to drip out through the oviducal gland. No qualitative difference in developmental success was noted between these 2 techniques for egg extraction.
Female Dosidicus gigas can store viable sperm for some time after copulation (Markaida & SosaNishi zaki 2001), and spermatangia (spermatophores attached to the skin) and spermathecae (sperm-filled seminal receptacles) were found in the buccal area of all mature females examined. Stored sperm from both sources was used for artificial fertilization. Spermatangia were pulled free with blunt-tipped tweezers, and sperm was extracted from spermathecae by squeezing the base with sharp-tipped tweezers. In both cases, sperm was then wiped off the tweezers into a small glass dish. Spermatophores were also collected from mature males from either the spermatophoric sac or the mantle cavity after extrusion from the penis. Whenever possible, gametes were used for artificial fertilization within 1 to 2 h (GB06, ETP06, GB07), but when a delay was unavoidable, gametes were kept at 10°C for 12 h (GB06) or at ~4°C for 6 to 48 h (FB08, SC08, HMB09, SD10). Freezing gametes at −20°C for 12 h (GB07) did not support successful development, and these experiments were not included in the analysis of temperature effects on development.
Artificial fertilization
All artificial fertilization work followed standard techniques used for primary tissue-culture, with the work area maintained as clean as possible. Sterile tissue-culture plastic-ware was used, and natural seawater was always filtered through a 0.2 µm filter. In general, methods followed those of Sakurai & Ikeda (1994) , Sakurai et al. (1996) and Yatsu et al. (1999) , with the additional step of adding 25 mg l −1 each of ampicillin/penicillin and streptomycin (HyClone) to Lyophilized oviducal gland powder prepared as described above was stirred into seawater (ca. 1 mg ml −1 ) to make 0.1% 'jelly water.' Spermatophores or spermatangia were placed in a small, dry dish and chopped into small pieces with a razor blade. Seawater was then added to the dish to make 'sperm water.' Alternatively, sperm extracted from spermathecae was simply diluted into seawater. In all cases motility was observed under a microscope before sperm water was used for fertilization. Sperm from spermato phores, spermatangia, and spermathecae all resulted in successful fertilization (GB06, FB08), although post-fertilization developmental success was not individually quantified for the 3 sources.
GB06 experiments tested the effect of order of procedural steps when performing artificial fertilization. Sakurai et al. (1995) found that eggs must be immersed in seawater before they can be successfully fertilized but that pre-treatment of eggs with jelly water was better accomplished with eggs that had not been immersed. Their protocol settled on adding sperm and jelly water to eggs prior to adding seawater.
This protocol was used for 'water last' treatments. Eggs were extracted from a female as described above and placed in a dry dish. Spermatophores were chopped as previously described, but water was not added to them. Instead, the chopped pieces were spread over the eggs with tweezers. Jelly water was added, and after 15 min the dish was filled with seawater. For 'water first' treatments, eggs were extracted from the oviduct and transferred with a plastic pipette into a tissue-culture dish filled with seawater. First sperm water and then jelly water were added to the immersed eggs.
No significant difference between these procedural orders on developmental success (Table 2, Pearson's chi-squared test: χ 2 = 1.57, df = 1, p = 0.21, n = 149) led to standardization of the fertilization procedure. Eggs were placed in a dish, sperm water and then jelly water were added, and sufficient additional filtered seawater was used to fill the dish. Dishes were kept covered.
Starting with FB08 experiments, eggs were rinsed before and after fertilization by stirring them gently with a pipette in filtered seawater. They were then pipetted into another clean dish with seawater, which was followed by another rinse (after Arnold & O'Dor 1990) .
Embryo care and staging
Approximately 100 eggs were fertilized in each individual dish (50 mm diameter), with the exception of SD10, when thousands of eggs were fertilized in a larger glass dish (100 mm diameter). In this case, successfully developing (cleaving) embryos were identified by observation with a stereomicroscope and gently removed 12 to 24 h after fertilization with a glass pipette into the smaller culture dishes (10 embryos each).
Water was changed once daily (twice in GB06) by pipetting out fluid until the embryos were only just covered and then adding clean seawater, or by gently pipetting the eggs into a clean dish filled with clean seawater. The former technique was used when new dishes were limited and the latter when they were not. Dead embryos were removed as soon as they were observed.
In most cases embryos were photographed at the time of a seawater change. Developmental stages of embryos were later assessed from these photographs. For GB06, FB08, SC08, and SD10, embryos were staged throughout each experiment and grouped into 5 developmental categories based on a modified version of the staging scheme of Watanabe et al. (1996) 
Temperature control
Temperature control was accomplished with a combination of incubators, ambient room temperatures, and a temperature-control apparatus using Peltier devices that could maintain 4 individual dishes at different temperatures.
Temperatures were recorded every 1 to 2 h at the beginning of experiments, and if they were stable, once per day thereafter. Temperatures were taken to be the mean of measured temperatures throughout the experiment. Standard deviations calculated for the duration of the experiment were generally <1°C, although one 5°C treatment had a standard deviation of 1.18°C. Ambient room temperature treatments displayed greater variability, with standard deviations of 1 to 3°C (means from 18.5 to 19.5°C). One 29°C treatment had a standard deviation of 3.01°C due to technical problems with the Peltier-based temperature-control apparatus (see 'Results').
Analysis of temperature at the pycnocline
Hydrographic data (depth, temperature, salinity) from the World Ocean Database for 2000 to 2009 were binned into 1 m depth-bins using original scripts written in Matlab. Depth at the thermocline and pycnocline were calculated for each profile as the depth at which the vertical derivative of temperature or density, respectively, was maximal. These values were imported into Ocean Data View for plotting. Depth of the pycnocline is typically equivalent to thermocline depth in oceanic waters (Pond & Pickard 1983) . Therefore, depth of the thermocline was used in the final analysis as a proxy for depth at the pycnocline because the amount of available temperature data far exceeded that of salinity data.
RESULTS

Embryonic staging
Following Yatsu et al. (1999) , re sults are presented according to Wata nabe's (1996) 34 developmental stages for Todarodes pacificus. However, 2 observations led to slight modifications of the original organization of these stages into 4 developmental categories.
First, control experiments carried out without the addition of sperm (SC08 and HMB09) revealed that unfertilized eggs underwent perivitelline expansion after addition of powdered oviducal gland and reliably developed to the formation of a blastodisc (Fig. 2) . Because fertilization was not required for these events, Watanabe's Stages 1−3 'Fertilization and Meiosis' can be renamed 'Meiosis−Blastodisc' (Table 3) 
Temperature effects
Embryos maintained at cold temperatures consistently developed more slowly than did warm embryos. This trend can be seen for all 5 developmental categories in SD10 (Fig. 3) . Development through the pigmentation stages was not evident below 10°C, and hatching was not observed below 15°C (Fig. 3) . In general, development through all categories was most successful in the range of 15 to 20°C (Fig. 4) . Development did not proceed beyond cleavage at high temperature (30°C) or beyond organogenesis at low (5°C) temperature extremes. Even at the most favorable temperatures, fewer than half of the fertilized eggs exhibited cleavage, and less than a third reached blastoderm formation. Only about 10% entered organogenesis, and half or fewer of these developed pigmentation and hatched successfully.
Hatching was observed only over the temperature range of 15 to 25°C (Fig. 5) . In one experiment (SC08), embryos at 10°C reached Stage 22, a stage at which embryos at other temperatures hatched successfully (Fig. 4) . Development at 10°C stopped at this point for unknown reasons, and no hatching occurred.
Identification of the 'natural' stage for hatching in ommastrephids is difficult. In the literature, ommastrephid hatching has generally been reported no earlier than Stage 26, although artificially fertilized eggs always seem to hatch before naturally deposited ones (Todarodes pacificus, Watanabe et al. 1996; Dosidicus gigas, Staaf et al. 2008 ). Classifying Stage 20 hatchlings (Fig. 5) as premature is therefore tempting, but too little is known about this group of squid to allow such a definition. ) is plotted against time after fertilization, beginning 12 h after fertilization. Observation times for 5.5 and 7.5°C were slightly different than those for the remaining 4 temperature treatments. White indicates blastoderm formation, light gray is organogenesis, dark gray is pigmentation, and black is hatching 
DISCUSSION
Artificial fertilization technique
Several observations are of practical utility to future artificial fertilization work with Dosidicus gigas. Eggs can be kept at approximately 5 to 10°C for up to 2 d and remain viable, and sperm can be stored even longer (Huffard et al. 2007 ). These relatively long storage times allow gametes to be collected at sea and then transported over a considerable distance before fertilization is carried out, thereby permitting relevant studies to be done at a shore-based laboratory rather than on a research vessel.
Results of the present study support those of Ikeda et al. (1993) and show that sperm taken directly from mature males or from sperm storage-sites in females can be used to fertilize eggs. Thus, at a minimum, only one mature, mated female is necessary to perform artificial fertilization. Eggs from Stage V females (rather than IV) are recommended, but considerable variability between individual females may also exist, even between those at the same maturity state. These observations are in congruence with classi cal studies of early development (Kagan 1935) .
Successful development of squid embryos requires chorion expansion, which in turn requires a suitable, presumably chemical, stimulus that is a component of the natural, gelatinous material produced by a female during egg laying. Artificial fertilization has successfully employed additions of agarose (Klein & Jaffe 1984) , bovine serum albumin (BSA) (Crawford 2002) , and lyophilized oviducal gland (Arnold & O'Dor 1990 , Sakurai et al. 1995 , Yatsu et al. 1999 . In the present study, chorion expansion did not occur with agarose or BSA and only did so with lyophilized oviducal gland (Staaf 2010). These results may be broadly indicative of ommastrephids, and perhaps other oegopsid squids, as successes with agarose and BSA were found only in loliginids. As previously reported (Staaf et al. 2008) , oviducal gland powder from Dosidicus gigas works as well as, but not better than, that from Ommastrephes bartramii (Yatsu et al. 1999 ) for fertilizing D. gigas eggs, which suggests that there is no species-specific component of the jelly in regard to fertilization.
Despite the use of sterile plastic-ware and antibiotics, microbial contamination remained a prominent concern. Given the apparent beneficial effects of antibiotics on early development (Table 2) , systematic testing of specific antibiotics, concentrations and application times would be extremely valuable. Interestingly, the intact gelatinous matrix of a natural ommastrephid egg mass, generated by oviducal and nidamental glands, appears to protect the eggs within from microbial infection (Durward et al. 1980 , Bower & Sakurai 1996 , Staaf et al. 2008 . Understanding this natural protective mechanism would greatly expedite artificial fertilization studies.
Partial parthenogenesis
Watanabe et al. (1996) indicated that fertilization is followed by the appearance of the micropyle, and post-fertilization development was associated with expansion of the perivitelline space (Ikeda et al. 1993 , Watanabe et al. 1996 . In the present study, micropyles were also observed in unfertilized eggs of Dosidicus gigas (Fig. 2) . This observation has also been noted for unfertilized loliginid eggs (Arnold & Williams-Arnold 1976 ). The present study shows that expansion of the perivitelline space of unfertilized eggs can be stimulated simply by addition of oviducal gland powder.
Blastodisc formation was routinely observed in unfertilized eggs exposed to seawater and oviducal gland powder. Similar development of unfertilized eggs to the blastodisc stage, but not into cleavage, has been shown in teleost fishes (Kagan 1935 , Okada 1961 . In the case of Fundulus heteroclitus (Kagan 1935) , once unfertilized eggs have developed blastodiscs, they cannot be fertilized, and the 'fertilizable life' of a F. heteroclitus egg is therefore only 15 to 20 min. Determining whether early parthenogenesis has also been inhibiting artificial fertilization for Dosidicus gigas would be important.
Temperature and development
This study represents the most thorough study to date of temperature effects on the embryonic development of Dosidicus gigas. Results indicate that temperatures below 15°C and above 25°C are not permissive of complete in vitro development and hatching, and at 15°C, development is slower and less successful than at higher temperatures (Figs. 4 & 5) . These findings agree with results from the ommastrephid Illex coindetii that showed no hatching at 10°C and slow but successful development at 15°C (Boletzky et al. 1973) . The upper thermal limit of about 25°C for successful late-stage development and hatching is close to the 26°C limit reported by Arnold & O'Dor (1990) for the ommastrephid squid Sthenoteuthis ouala niensis, a close relative of D. gigas that shares its range in the Eastern Tropical Pacific.
This upper limit derived from in vitro studies is consistent with what is known about natural development. The only egg mass found in the wild to be positively associated with Dosidicus gigas occurred near the middle of the Guaymas Basin of the Gulf of California, just below the mixed surface layer at a pycnocline of 17 m depth and a temperature of 25 to 27°C (Staaf et al. 2008) . Genetically identified embryos in this egg mass were all Stage 25, and hatching was imminent. A pelagic egg mass of similar size, shape and consistency was also reported by recreational divers in September 2009 off the Pacific Coast of Baja California Sur at a depth of ~15 m and a temperature of 24 to 27°C (B. Caporale pers. comm.), but positive identification of species was not made. Whether these egg masses were spawned at the same depth and temperature as where they were discovered is not known.
Spawning habitat, migrations and range extensions
Adults of Dosidicus gigas in the Gulf of California undergo regular vertical migrations that can span a temperature range from at least 7 to 30°C (Gilly et al. 2006b, W. F. Gilly unpubl.) . However, temperatures > 23°C tend to be avoided (Davis et al. 2007) , and this value is comparable to the upper limit for successful embryonic development and hatching. Although limitation due to low temperature is not obvious in the case of adult squid (see also Zeidberg & Robison 2007) , temperatures <15°C appear to prohibit complete embryonic development and hatch ing (as shown by this study) and survival of hatchlings (Staaf et al. 2008) . This differential temperature limitation at different points in the life cycle may restrict the range over which D. gigas can reproduce.
Spawning in the laboratory by another ommastrephid species, Illex illecebrosus, led O' Dor & Balch (1985) to hypothesize that females deposit negatively buoyant egg masses near the surface, where the gelatinous matrix quickly absorbs seawater. This absorption increases the spacing between embryos for proper ventilation and serves to counteract the specific gravity of the embryos (Lee & Strathmann 1998). The egg mass, originally denser than seawater, sinks but becomes neutrally buoyant as it swells and eventually settles near the pycnocline. This subsurface position may protect the egg masses of ommastrephids, which are more fragile than the floating egg masses of some other oceanic squids (Guerra et al. 2002 , Staaf et al. 2008 , from potential damage by greater shear forces and UV irradiation at the sea surface. If the sharp density gradient at the pycnocline sets the vertical position of a Dosidicus gigas egg mass in the water column, then these data suggest that successful embryonic development can occur only in those areas of the eastern Pacific where temperature at the pycnocline is between 15 and 25°C. Fig. 6A maps the average temperature at the thermocline (a proxy for the pycnocline, see 'Materials and methods') during most of the year (November to June). Al though areas where temperature at the thermocline regularly reaches 25°C are not apparent, the lower thermal limit for development (thermocline at 15°C) is a prominent feature in the latitude range of 30 to 37°N during this time of year. During the remainder of the year (July to October, Fig. 6B ) the boundary of this lower limit moves substantially northward, up to 43°N. For these summer months, the 15°C thermocline lies ca. 500 km off most of the California coast. Seasonal oscillation in latitude of this feature appears to be greatest at a longitude of 130°W (Fig. 6C) . These data indicate that a vast area that may be suitable for development of Dosidicus gigas embryos exists seasonally relatively close to the California coast. Although paralarvae of this species have not been identified in US waters (Watson & Manion 2011) , sampling in this putative seasonal spawning area has not been reported. In situ sampling between July and October in the area bounded by the 15°C thermocline in Fig. 6B will be essential to a scientific understanding of this invasive predator's life cycle.
Dosidicus gigas has expanded its range to latitudes above 40°N in coastal waters over the last decade (Cos grove 2005 , Wing 2006 , Zeidberg & Robison 2007 . In light of the lower thermal limit for embryonic development, adult squid occupying this coastal region must migrate either south or west to spawn in suitable habitat, migrations that would cover considerable distances. Based on tagging studies, adult D. gigas clearly can undergo long-distance horizontal migrations at sustained speeds of at least 30 km d −1 (Markaida et al. 2005 , Gilly et al. 2006b , with the longest migration recorded being from Monterey, California, USA, to Ensenada, Mexico, a minimum distance of 600 km in 17 d (J. Stewart pers. comm.).
Such performance would allow migration between the current northern limit for adult Dosidicus gigas (~50°N, Vancouver Island) and established spawning habit in coastal waters off Baja California, a distance of some 2400 km, in about 70 d. Migration to the closest border of the proposed northern offshore spawning area (43°N, 130°W) would cover only half this distance. Thus, a squid born in either spawning area could easily make a feeding migration to the Pacific Northwest and return to a suitable spawning habitat in order to reproduce during a lifespan of 1 to 2 yr (Markaida et al. 2004) .
Putative northern spawning grounds lie 500 km offshore within the oceanic portion of the California Current, which extends from the surface to 300 m depth and flows south throughout the year (Lynn & Simpson 1987) . Dosidicus gigas egg masses would be found at the pycnocline and paralarvae would likely occupy the upper 100 m of this region (Nesis 1970). In general, the peak speed of the California Current is 10 cm s −1 (Marchesiello et al. 2003) , and at a distance of 150 km offshore of central California, the equatorward speed at pycnocline depth is 5 to 7 cm s −1 (Carr et al. 2008) . In southern California, current speeds measured 250 km offshore exhibit seasonal variation, from 2-4 cm s −1 in the fall to 7-11 cm s −1 in the summer (Bray et al. 1999) .
Considering the most rapid current possible and a conservative estimate of 10 d from spawning to hatching (at a temperature of 15°C, see Fig. 3 ), an egg mass of Dosidicus gigas could be advected about 80 km to the south. Hatchlings are not strong swimmers (Staaf 2010) and would likely be carried this distance before developing the ability to counteract this current by swimming either directly against the flow or vertically into a different region, such as the poleward coastal California Undercurrent. The age at which D. gigas paralarvae develop the capacity to swim against a current is not known, but it could be at around 2 mo, the age at which the ommastrephid Illex argentinus develops large fins and transitions from a bell-shaped to a spindle-shaped mantle, suggesting a lifestyle change from planktonic to nektonic (Vidal 1994) . Hatchlings of D. gigas born offshore of northern California might thus be swept up to 500 km south in the early part of their lives; however, they would still find themselves much farther north than paralarvae spawned off Baja California, the nearest area with permissive conditions for embryonic development on a year-round basis.
A potential for seasonal spawning in the area offshore of the California coast may thus be an important factor in supporting Dosidicus gigas populations that have invaded coastal waters of the Pacific Northwest since (Zeidberg & Robison 2007 . Suitable spawning habitat in the southern hemisphere in relation to putative range expansion is an important question that merits consideration, but a current shortage of hydrographic data in the southern hemisphere precluded examination of this issue. Oceanographic processes that determine temperature at the pycnocline and thereby define spawning habitat are not static, and the stability of this habitat will depend on a number of variable drivers, including temperature, currents and winds. Long-term fluctuations in any of these physical processes may play a causal role in episodic range extensions through expansion or contraction of spawning habitat that lies within a feasible migratory distance from productive coastal foraging areas. 
